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1. Experimental methods 
 
Contact angle: Contact angle apparatus, equipped with a charged coupled device (CCD) KP-M1E/K 
camera (Hitachi), was attached to a personal computer for video capture. Dynamic contact angles 
were recorded as a micro-syringe was used to quasi-statically add water to or remove water from the 
drop place on the chip. The drop monitored as a live video image, acquisition rate 4 frames per 
second. FTA (First Ten Angstroms) Video Analysis software v1.96 was used for the analysis of the 
contact angle of a droplet of water (UHP) at the three-phase intersection. The averages and standard 
errors of contact angles were determined from five different measurements made for surfaces 
modified with the self-assembled monolayer (SAM) only and those further modified with the boronic 
acid SAM.  
(OOLSVRPHWU\ $ -RELQ-<YRQ 89,6(/ HOOLSVRPHWHU ZLWK D [HQRQ OLJKW VRXUFH ZDV XVHG IRU WKH
PHDVXUHPHQWV7KH DQJOH RI LQFLGHQFH ZDV IL[HG DW $ ZDYHOHQJWK UDQJH RI ± QP ZDV
XVHG7KH'HOWD3VLVRIWZDUHSDFNDJHZDVHPSOR\HGWRGHWHUPLQHWKHWKLFNQHVVRI6$0VDQG6$0V
IXQFWLRQDOL]HG ZLWK -DPLQRSKHQ\OERURQLF DFLG DQG YDOXHV DQG WKH FDOFXODWLRQV ZHUH EDVHG RQ D
WKUHH-SKDVHDPELHQW6$0$XPRGHOLQZKLFKWKH6$0ZDVDVVXPHGWREHLVRWURSLFDQGDVVLJQHGD
UHIUDFWLYH LQGH[ RI  7KH WKLFNQHVV UHSRUWHG LV WKH DYHUDJH DQG VWDQGDUG GHYLDWLRQ RI VL[
PHDVXUHPHQWVWDNHQRQHDFK6$0 
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Surface preparation: Polycrystalline gold substrates were purchased from George Albert PVD., 
Germany and consisted of 50 nm gold layers deposited onto a glass covered with a thin layer of 
chromium. The gold substrates were cleaned by immersion in piranha solution (7:3, H2SO4:H2O2) at 
room temperature for 10 min (Caution: Piranha solution reacts violently with all organic compounds 
and should be handled with care). Samples removed from the piranha solution were rinsed with water 
(Ultra High Purity - UHP), followed by ethanol (Fischer Scientific, HPLC grade) for 1 min. Immediately 
after cleaning, the substrates were immersed in freshly prepared SAM forming solution, 4-
mercaptobenzoic acid (1 mM in ethanol (HPLC grade)). Post-immersion in the SAM forming solution, 
the substrates were rinsed with 2% triethylamine solution followed by ethanol, twice. 3-Aminophenyl 
boronic acid was coupled to the carboxylic acid-terminated SAMs (COOH-SAM) by first submerging 
the COOH-SAM-modified surface samples in a 40 mM aqueous solution of 1-ethyl-3-(3-dimethyl 
aminopropyl) carbodiimide hydrochloride (EDC) and 10 mM N-hydroxysuccinamide (NHS) solution for 
1 h and then transferred to a 2 mM solution of 3-aminophenyl boronic acid in phosphate buffer and 
methanol (7:3 ratio). The electrodes were allowed to react for 24 h before being removed and washed 
with ethanol and Milli-Q water. The surfaces were characterized with ellipsometry, contact angle and 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) and detailed 
description of the methods used can be seen in the supplementary information.    
Cell culture: RAW 264.7 (ATCC Lot 59239593) cells were seeded in six 25 cm2 flask containing 5 ml 
DMEM (Dulbecco's Modified Eagle Medium modified with foetal bovine serum/HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) and penicillin/streptomycin at 10% FBS, 1% of 
Penicillin/streptomycin, 2.4% glutamate and 2.4% HEPES). These cells were grown for 2 days at 37 
°C in a 5% CO2 atmosphere reaching an approximate confluence of 80%. The DMEM was aspirated 
off and 3 mL of fresh DMEM was placed in each flask and cells were detached using a cell scraper. 
The cells were then counted using a haemocytometer and diluted to give a cell suspension of 2 x 106 
cells/mL.  Prior to assay cells were centrifuged at 1000 rpm and the DMEM aspirated off leaving a cell 
pellet. The pellet was re-suspended in 50 mM PBS containing 100 mM KCl to give an equivalent cell 
concentration.                                   
Electrochemistry: Cellular electrochemical studies were carried out with a Gamry 600 potentiostat 
and data acquisition software (Gamry electrochemistry software version 5.61a), and thiol desorption 
studies were carried out with a Versastat 4 potentiostat. A three-electrode cell consisting of a 
saturated calomel reference electrode, Pt counter electrode, and then the working electrode of either 
Au modified with self-assembled monolayer of (SAM) 4-mercaptobenzoic acid or Au modified with the 
SAM monolayer which then has 3- aminophenylboronic acid covalently tethered. The electrochemical 
area was controlled via use of O-rings with fixed diameters. Cyclic voltammetry was performed to 
determine if direct electrical contact could be made from a starting potential of 0.3 V and a switching 
SRWHQWLDO RI í 9 DQG DQ HQG SRWHQWLDO RI  9 DW $X PRGLILHG ZLWK 6$0 DQG VXUIDFHV IXUWKHU
modified with the boronic acid in the presence of cells.  Cells were adhered to surface by incubating 
the surfaces with 2×106 cells for 3 hours prior to performing cyclic voltammetry. Controls surfaces 
exposed to the equivalent conditions but without cell exposure were performed.  All cyclic 
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voltammograms were recorded in PBS at 100 mV s-1 unless otherwise stated. Linear sweep 
voltammetry was performed to investigate the thiol reductive desorption. A starting potential of -0.3 V 
and an end potential of -1.5 V at a scan rate 100 mV s±1 was used. The electrolyte was a 0.1 M KOH 
solution prepared fresh each day. The voltammograms were performed in triplicate The geometric 
area was controlled by use of a 5 mm diameter O-ring. 
Surface Plasmon Resonance (SPR) and Electrochemistry: SPR coupled electrochemical 
experiments were performed with a Reichert SR7000DC Dual Channel Spectrometer (Buffalo, NY, 
USA) at 25 °C using a three-electrode electrochemical cell and a Gamry PCI4/G300 potentiostat. A 
surface modified with SAMs only and 3-aminophenylboronic acid was prepared on Reichert Au 
sensor chips serving as the working electrode, the counter electrode was a Pt wire, and a SCE was 
used as the reference electrode. Prior to the cell binding studies, the sensor chips were equilibrated 
with degassed phosphate buffered saline (PBS), passing degassed PBS through the electrochemical 
FHOODWDIORZUDWHRIȝ/PLQí1 for a few hundred seconds. A 5 µL injection of cells containing 5000 
cells was injected over the sensor chip surface. CVs were performed at the end of the experiment and 
the flow rate was switched off to establish if any electron transfer could be ascertained.  
Microscopy: All images were taken with Axiolab equipped with an Axiocam CM1 camera for image 
capture utilising ZEN 2012 Blue edition software by Carl Zeiss Microscopy. Surfaces modified with 
COOH-SAMs only and 3-aminophenylboronic acid were prepared on Reichert Au sensor chips 
serving as the working electrode, the counter electrode was a Pt wire, and a SCE was used as the 
reference electrode. Prior to the cell binding studies, the sensor chips were equilibrated with 
degassed phosphate buffered saline (PBS), passing degassed PBS through the electrochemical cell 
DWDIORZUDWHRIȝ/PLQí1 for approximately a few hundred seconds. A 5 µL injection of PBS cell 
suspension containing 5000 cells (dilution from a stock solution of 1 × 106 cells/mL, determined using 
a heamocytometer) was injected over the sensor chip surface for 40 minutes.  The chips were then 
removed and rinsed in PBS to remove loosely bound cells and then incubated in a PBS solution 
containing the live cell stain calcein at a concentration of 10 µg/ml for 30 minutes. For longer term cell 
studies, chips fabricated from polycrystalline gold substrates purchased from George Albert PVD 
were incubated in a 15 cm2 petri dish containing 3 ml of modified DMEM and 2 x106 cells. These were 
then incubated for 3 hrs at 37oC in 5% CO2 buffered atmosphere. The chips were removed and gently 
washed in PBS to remove loosely bound cells. Each chip was then placed into a well of a 12 well 
plate containing 1 ml of PBS per well. Chips were exposed to 10 µg/ml calcein and incubated for 30 
minutes and then images were taken. 
ATR-FTIR: The spectra were recorded at a resolution of 16 cm-1 with a spectral range of 650-4000 
cm-1.The absorption spectra were the result of 64 scans and were recorded at room temperature. The 
spectra are then recorded using MicroLab FTIR software in a HP laptop connected to the 
spectrophotometer. 
 
2. 5HVXOWVDQG'LVFXVVLRQ 
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*ROG VXUIDFHV ZHUH PRGLILHG ZLWK FDUER[\O DFLG-WHUPLQDWHG 6$0V &22+-6$0V DQG WKHQ
VXEVHTXHQWO\ IXQFWLRQDOLVHG ZLWK -DPLQRSKHQ\O ERURQLF DFLG %$-6$0V 7R FRQILUP WKHVH
PRGLILFDWLRQV ZDWHU FRQWDFW DQJOH DQG HOOLSVRPHWU\ PHDVXUHPHQWV ZHUH SHUIRUPHG RQ WKH &22+-
6$0VDQG%$-6$0V7DEOH7KHDGYDQFLQJFRQWDFWDQJOHVIRU&22+-6$0VDQG%$-6$0VDUHLQ
JRRG DJUHHPHQW ZLWK WKH OLWHUDWXUH>@>@ 3UHYLRXV OLWHUDWXUH UHSRUWHG D FRQWDFW DQJOH RI  IRU D
VXUIDFHPRGLILHGZLWKERURQLFDFLG-WHUPLQDWHG6$0WKDWLVLQJRRGDJUHHPHQWZLWKWKHYDOXHREWDLQHG
IRURXU%$-6$07KHHOOLSVRPHWULFWKLFNQHVVRIWKH&22+-6$0ZDVGHWHUPLQHGWREHQP
ZKLFK LV VLPLODU WR WKHRUHWLFDO YDOXHV LQ 7DEOH  DQG OLWHUDWXUH YDOXHV UHFRUGHG E\ %DUULHW HW DO>@
)ROORZLQJ PRGLILFDWLRQ ZLWK -DPLQRSKHQ\OERURQLF DFLG WKH WKLFNQHVV LQFUHDVHG WR  QP 7KH
LQFUHDVH LQVXUIDFH WKLFNQHVVRIQP WRQPRQFRXSOLQJRI WKHERURQLFDFLG WR WKH6$0 LV
VLJQLILFDQWO\GLIIHUHQWDSDLUHGW-WHVWS-YDOXHFRQILUPLQJWKHVXUIDFHPRGLILFDWLRQ 7RJDWKHU
PRUHHYLGHQFHRIVXUIDFHIXQFWLRQDOL]DWLRQRI WKH&22+-6$0ZLWK%$-PRGLILHGVXUIDFHV$75-)7,5
VSHFWURVFRS\ ZDVFDUULHGRXW ,Q)LJXUH6 WKHSUHVHQFHRI%-2SHDN FP->@ VKRZQ IRU%$-
PRGLILHGVXUIDFHVZDVSUHVHQWEXWDEVHQWIURP&22+-6$0LQGLFDWLQJWKHSUHVHQFHRIWKH%$  
7DEOH  0HDQ DGYDQFLQJ DQG UHFHGLQJ ZDWHU FRQWDFW DQJOHV DQG HOOLSVRPHWULF WKLFNQHVV IRU WKH
&22+-6$0ZLWK%$-PRGLILHGVXUIDFH(UURUUHSUHVHQWV6WDQGDUGGHYLDWLRQRIWKHPHDQQ 7KH
WKHRUHWLFDOPROHFXODU OHQJWKVZHUHGHULYHGIURP&KHP%LR'8OWUD LQZKLFKWKHPROHFXOHVZHUH
LQIXOO\H[WHQGHGFRQIRUPDWLRQV 
 
 
 
 
 
 
 
SAM Contact Angle (o) Thickness (nm) 
 
Advancing Receding Theoretical Experimental 
COOH-SAM 
 
18.19±3.3 12.13±2.2 0.67 0.69 ±0.34 
 
BA-SAM 38.9 ±6.1 30.1± 5.1 1.29 1.08 ± 0.27 
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Figure 1S. ATR-FTIR spectra obtained at surfaces modified with COOH-SAM (Blue) and BA-modified 
surface (Red). 
7R LQYHVWLJDWH WKH UROH RI ERURQLF DFLG LQ ELQGLQJ RI WKH FHOOV WR WKH VXUIDFH D UHDO-WLPH DGKHUHQFH
VWXG\ ZDV SHUIRUPHG XVLQJ VXUIDFH SODVPRQ UHVRQDQFH 635 VSHFWURVFRS\ ZLWK D FDUER[\OLF DFLG
&22+-6$0 YHUVXV WKRVH GLVSOD\LQJ ERURQLF DFLGV %$-6$0 &22+-6$0 DQG %$-PRGLILHG JROG
VXUIDFHVZHUHH[SRVHGWRDIORZRISKRVSKDWHEXIIHUVDOLQH3%6VROXWLRQS+XQWLODVWHDG\VWDWH
ZDVUHDFKHG2QFHDVWHDG\VWDWHZDVDVFHUWDLQHGDQLQMHFWLRQRIPDFURSKDJHFHOOVDWDIORZ
UDWH RI/PLQ- ZDVPDGH $VVKRZQ LQ)LJXUH 6%$-6$0V HOLFLWHGVLJQLILFDQWO\ KLJKHU 635
ELQGLQJ FXUYHV WKDQ WKH FRUUHVSRQGLQJ &22+-6$0 7KLV EHKDYLRXU FDQ EH DWWULEXWHG WR FRYDOHQW
ERURQLFHVWHU IRUPDWLRQZKLFK OHDGV WR LQFUHDVHGHDUO\FHOODGKHVLRQ WR%$PRGLILHGVXUIDFHVZKHQ
FRPSDUHGWRWKH&22+-6$0VXUIDFH7KHDPRXQWRIELQGLQJLQWKHSUHVHQFHRIFHOOVDSSUR[LPDWHO\
 58 VXSHUILFLDOO\ DSSHDUV TXLWH VPDOO )RU LQVWDQFH D PRQROD\HU RI D  N' SURWHLQ ZRXOG
SURGXFHDUHVSRQVHRIVLPLODUPDJQLWXGH+RZHYHUSUHYLRXVZRUNXVLQJ635WRPRQLWRUEDFWHULDOFHOO
DGKHVLRQ WRVXUIDFHVKDVSURGXFHG635VKLIWVRIFRPSDUDEOHDPRXQWV>@/DUJHUELQGLQJUHVSRQVHV
DUHQRWREVHUYHGLQWKHSUHVHQFHRIFHOOVDVWKH635VLJQDOLVRQO\PHDVXUHGXSWRQPIURPWKH
VXUIDFHPHDQLQJ WKDW WKH LQVWUXPHQW LVRQO\VHQVLWLYH WR WKHFHOOXODUPDWHULDODW WKHSHULSKHU\RI WKH
FHOO$VWKLVPDWHULDOLVVLPLODULQFRPSRVLWLRQWRWKHEXIIHUEHLQJPRVWO\FRPSRVHGRIZDWHUDQGVDOWV
WKH VKLIWV LQ 635 UHVSRQVHV DUH XQVXUSULVLQJ &RQVHTXHQWO\ WKH ELQGLQJ YDOXHV REWDLQHG RQO\
UHSUHVHQWWKHFHOOVXUIDFH-%$LQWHUDFWLRQDQGQRWWKHZKROHFHOODQGH[SODLQVZK\WKHELQGLQJXQLWVLV
LQDQHTXLYDOHQWUDQJHRIODUJHSURWHLQV 7KH635GDWDZDVDOVRFRQILUPHGE\SHUIRUPLQJIOXRUHVFHQW
PLFURVFRS\ DQG DQDO\VLQJ WKH QXPEHU RI FHOOV DGKHUHG RQ &22+-6$0 DQG %$-6$0 GXULQJ 635
VWXGLHV$VLJQLILFDQWGLIIHUHQFHZDVREVHUYHGEHWZHHQ WKHDPRXQWRIFHOOVDGKHULQJRQ WKH&22+-
6$0FRPSDUHG WR WKH%$-6$0ZLWKDQDYHUDJHQXPEHURIFHOOVDGKHUHGRQ WKH&22+-6$0RI
6'RIWKHPHDQFHOOVQ DQG%$-6$0SHUPP6'RIWKHPHDQFHOOVQ REWDLQHG
)LJXUH6 
We can rule out that the redox behaviour observed in Fig 2 arises due to dilution effects, which may 
occur when cells are trapped on surfaces and release molecules, as with just hundreds of cells on the 
surface we observe redox behaviour in the cyclic voltammograms (Fig 3S). It would be envisaged that 
B-O stretching: 1342cm
-1
  
COOH-SAM 
BA-modified 
surface 
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with cells adhered at surface compared to an equal number of cells in solutions in which the filtrate 
would be appraised, the concentration of any excreted molecules at the surface would be significantly 
higher than the filtrate. Consequently, with the filtrate a false negative may be possible.  However, in 
our studies to ensure this was not the case we used an large number of cells  (20 × 106) compared to 
the hundreds for surface studies (Figure 3S) , and the increased length of time in filtrate studies to  48 
hours incubation compared to 3 hours for surface studies.  Therefore, dilution effects would be 
negligible and data obtained from cyclic voltammograms suggests that the electrochemical 
observations of direct electron transfer proceed via the cell surface.   Additionally, It is well known that 
one function of macrophage in defending against infection is to increase oxidative stress via 
increasing reactive oxygen species (ROS) production[5], [6], [7].   ROS have been shown to interact with 
boronic acids by converting them to phenol which, is an irreversible process [8]. If this were happening 
then we could expect a reduction in binding as only H-bonding would be possible as seen similarly 
with the COOH-SAM surface.  However, one can note from the SPR results (Figure 2S) for cells 
adhering to boronic acid surfaces that no decrease in binding is observed. Additionally the process is 
observed to be chemically reversible as demonstrated by the redox couple in the CV. Therefore, if 
ROS were converting the boronic acid to phenol which is irreversible, the redox couple in the cyclic 
voltammograms would not be reversible. Consequently we can therefore eliminate that the origin of 
the signal has anything to do with reactive oxygen species that are sequestered by the cell 
 
 
Figure 2S. SPR sensorgrams showing the binding of Raw 264.7 cells at gold surfaces modified with 
COOH-SAM (Blue) and further modified with 3-aminophenylboronic acid (Red). 
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Figure 3S. In-situ cyclic voltammograms logged after recording of SPR sensorgrams (Fig 2) showing 
the binding of Raw 264.7 cells at gold surfaces modified with COOH-SAM (A) and further modified 
with 3-aminophenylboronic acid (B) at 100 mV s-1.  
 
Figure 4S. Typical cylic voltammogram logged at boronic acid modified surface exposed to filtered 
culture medium used to incubate cells at 100 mV s-1.
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Figure 5S. Cyclic voltammograms recorded in electrolyte consisting of modified DMEM culture 
medium (modified with FBS/HEPES/antibiotics) at electrodes consisting of gold modified with 3-
aminophenylboronic acid in the (A) and (B) absence of RAW cells at 100 mV s-1.  
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Figure 6S. Rate of shift of peak potential as a function of scan rate for voltammetric peaks A) P1 and 
B) P3. 
 
Linear sweep voltammograms were logged at surfaces modified with the mercaptobenzoic acid that 
was subsequently functionalised with a boronic acid. A single peaks were observed at approximately 
í9DQGFRUUHVSRQG WR WKH UHGXFWLYHGHVRUSWLRQRI WKHDdsorbed mercaptobenzoic acid, which 
proceeds via the 1 electron reduction of the thiol. By integrating the area under the peak we can 
FDOFXODWHWKHVXUIDFHFRYHUDJHEDVHGRQī 4Q)$:KHUHīLVWKHVXUIDFHFRYHUDJHLQPROHVFP2, Q 
is the charge in coulombs, n is the number of electrons in involved in the rate limiting step, F is the 
faraday constant and A is the area of the electrode cm2. This yielded a mean surface coverage of 
7.8x10-10 mol/cm2 (± n =3). This is close to literature values previously reported for similar structured 
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SAMs in which a value of 7.7 x 10-10 mol/cm2[9]. Thus this indicates that we have a monolayer 
coverage and the surfaces are stable. 
 
Figure 7S. Typical linear sweep voltammogram for reductive thiol desorption obtained for boronic acid 
modified surfaces after incubation with cells for 3 hours at a scan rate of100 mV s±1. 
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